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ABSTRACT: Insensitive munitions formulations that include 3-
nitro-1,2,4-triazol-5-one (NTO) are replacing traditional explosive
compounds. While these new formulations have superior safety
characteristics, the compounds have greater environmental
mobility, raising concern over potential contamination and cleanup
of training and manufacturing facilities. Here, we examine the
mechanisms and products of NTO photolysis in simulated sunlight
to further inform NTO degradation in sunlit surface waters. We
demonstrate that NTO produces singlet oxygen and that dissolved
oxygen increases the NTO photolysis rate in deionized water. The rate of NTO photolysis is independent of concentration and
decreases slightly in the presence of Suwannee River Natural Organic Matter. The apparent quantum yield of NTO generally
decreases as pH increases, ranging from 2.0 × 10−5 at pH 12 to 1.3 × 10−3 at pH 2. Bimolecular reaction rate constants for NTO
with singlet oxygen and hydroxyl radical were measured to be (1.95 ± 0.15) × 106 and (3.28 ± 0.23) × 1010 M−1 s−1, respectively.
Major photolysis reaction products were ammonium, nitrite, and nitrate, with nitrite produced in nearly stoichiometric yield upon
the reaction of NTO with singlet oxygen. Environmental half-lives are predicted to span from 1.1 to 5.7 days. Taken together, these
data enhance our understanding of NTO photolysis under environmentally relevant conditions.
KEYWORDS: Nitrotriazolone, insensitive munitions explosives, IMX-101, IMX-104, singlet oxygen, quenchers, bimolecular rate constants

■ INTRODUCTION
Traditional munitions (e.g., trinitrotoluene (TNT) and
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)) frequently con-
taminate soil and water at military testing and training sites
with relatively predictable recalcitrance, toxicity, and muta-
genicity.1 These conventional explosive compounds are now
being replaced with new, insensitive formulations to increase
soldier safety during storage, transport, and use.2 The new
compounds, including 3-nitro-1,2,4-triazol-5-one (NTO), have
a similar explosive performance to RDX and TNT but are less
likely to detonate accidentally. Our full understanding of the
safety benefits of NTO is hindered by our limited knowledge
of the consequences of environmental releases of NTO and
human exposure to NTO. For example, NTO undergoes little
to no degradation in aerobic soil and sorbs minimally to soil
columns,3 leading to potential contamination in groundwater.
Under anaerobic conditions, the nitro group of NTO is readily
reduced to produce 3-amino-1,2,4-triazol-5-one, both bio-
logically in soil microcosms and by anaerobic wastewater
sludges and abiotically by ferrous iron and model humic
acids.3−6

Moreover, NTO is 166 and 277 times more water-soluble
than TNT and RDX, respectively.3,7−9 In preliminary studies,
the acute toxicity, mutagenicity, and genotoxicity of NTO
appear to be lower than those of traditional explosive
compounds. Still, NTO caused reproductive effects in male
rats at high concentrations.10−12 Data also suggest that toxicity

from NTO to Ceriodaphnia dubia increases 100-fold upon
photolysis, despite only a small fraction of NTO being
degraded during the examined photolysis period.13

If released to surface waters, NTO photolysis is a potential
loss process given the minimal biodegradation in soils.
Previous results show that, upon photolysis at high
concentrations, NTO yields nitrite, nitrate, ammonium,
hydroxy-triazolone, and potentially nitric oxide and apparently
produces additional unquantified volatile products based on
low mass balances after extended irradiation.14−16 Based on the
high initial concentrations, lack of information on or control of
experimental conditions, and unknown reasons for matrix and
pH effects, the mechanisms of NTO photolysis have not been
fully elucidated.16−18 Here, we expand on previous work by
evaluating fundamental direct and indirect mechanisms and
products of NTO photolysis across a range of pH and initial
concentrations to identify relevant parameters and conditions
for photolysis of NTO in the environment and identify
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processes that will influence NTO photolysis in deionized
water and environmental matrices.

■ MATERIALS AND METHODS
Chemicals. Chemicals were obtained commercially and

used as received (see Table S1 for source and purity
information). NTO was synthesized via 1,2,4-triazolone and
characterized as described in section S1.
Photolysis Experiments. The wavelength-dependent

absorbance of a compound and spectral irradiance of the
light source, combined with the quantum yield, dictate the
direct photolysis rate.19,20 In addition, absorbance and
quantum yield can change as a function of pH if the
compound exhibits acid−base chemistry.19,20 Therefore, we
collected absorbances of NTO on a spectrophotometer
(Hach) in a quartz cuvette with a path length of 1 cm from
100 μM NTO solutions in 5 mM buffer solutions (acetic acid,
pH 4−5; phosphate, pH 2−3, 6−8, 12; borate, pH 8.5−11; the
buffer identity is not expected to have an effect on light
absorption or photolysis rates compared to pH20) adjusted to
within 0.05 pH units by NaOH or HCl. To determine the acid
dissociation constants (pKa values) for each protonation state,
we conducted a spectrophotometric titration using molar
absorptivities at five selected wavelengths (235, 280, 315, 385,
and 400 nm). We independently fit each set of pH-dependent
wavelength data to eq 1 by assuming the two pKa values were
independent of one another and minimizing the sum of least-
squares for the measured molar absorptivity

= +( )( ) ( )( )measured, 1 1, 2 2, (1)

where χi is the mole fraction of the ith protonation state of
NTO, and εi,λ is the molar absorptivity of the ith protonation
state of NTO at each wavelength.20

Photolysis experiments were conducted at 35 °C using an
Atlas Suntest CPS+ solar simulator (Atlas Material Testing
Technology) with a xenon lamp and an Atlas UV Suntest filter
to simulate the emission spectrum of natural sunlight at an
irradiance of 750 W/m2. Photolysis solutions contained 5−25
mM buffer (acetic acid, pH 4−5; phosphate, pH 2−3, 6−8, 12;
borate, pH 8.5−11). In our preliminary experiments (data not
shown), variation in photolysis rates led us to investigate the
effect of dissolved oxygen on direct photolysis rate, which
indicated that sparging with nitrogen slowed the rate of
photolysis, while sparging with oxygen increased the rate of
photolysis. Therefore, unless otherwise specified, solutions (10
μM NTO unless noted) were photolyzed in cork-stoppered
quartz tubes (outer diameter, 14 mm; inner diameter, 12 mm;
volume, 9 mL), held upright at 45° by a test tube rack to
prevent contact of the stopper with the solution, after sparging
with air for at least 30 s. Aliquots (500 μL) were withdrawn for
analysis and stored at 4 °C until analysis. Experiments for
direct photolysis rate constants and apparent quantum yield
across pH were conducted in duplicate, while remaining
experiments were conducted simultaneously with single
reactors for each experimental treatment. Foil-wrapped, dark
controls indicated that hydrolysis and thermal degradation did
not occur from pH 2 to 12 at 35 °C during our experiments
(Figure S2). Apparent quantum yield, which is the ratio of
transformed molecules to total photons absorbed by the
molecules, was determined using an actinometer of para-
nitroanisole and pyridine using the updated equation found in
Laszakovits et al. and detailed in the Supporting Information.21

Probing Mechanisms of Photolysis. To determine
direct NTO photolysis mechanisms and to assess self-
sensitization due to the production of reactive intermediates,
we conducted experiments in solutions of sodium azide (1
mM) or sorbic acid (5 mM) to quench singlet oxygen and
triplet excited-state NTO, respectively.19,22 These experiments
were conducted with 10 μM NTO in 5 mM borate buffer at
pH 8.5. Separate solutions were sparged with nitrogen, oxygen,
or air for at least 30 s before irradiation. The quartz tubes
containing the nitrogen- and oxygen-sparged solutions were
sealed with rubber septa to maintain headspace and solution
oxygen compositions, and sampling was conducted via syringe
by inserting a needle through the septum. In addition, we
photolyzed 20 μM furfuryl alcohol (FFA) or 10 μM para-
chlorobenzoic acid (pCBA), with and without NTO, as a
probe for singlet oxygen and hydroxyl radicals, respectively, to
quantify the production of these reactive oxygen species
(ROS) by NTO.19,23,24 Moreover, competitive kinetics experi-
ments between NTO and these two probes were performed
with sensitizers to measure the second-order rate constants of
NTO with these species (see Supporting Information Section
S4). We evaluated singlet oxygen formation from NTO
photolysis by irradiating solutions (pH 8.5) containing 20
μM FFA in the presence of varying concentrations of NTO (0,
10, 20, and 30 μM initial NTO), with 1 mM sodium azide (20
μM initial NTO) being used a quencher. We also compared
simultaneous NTO photolysis in deuterium oxide (D2O) and
H2O (pH 7.0, pD 7.4, 25 mM phosphate buffer) to evaluate
the effect of singlet oxygen on direct photolysis of NTO (10
μM).

We used a 200 W xenon lamp (Oriel Instruments, Irvine
CA, USA) with a 400 nm cutoff filter (Figure 1D) to minimize
direct photolysis and added 10 μM Rose Bengal for some
experiments to evaluate the effects of singlet oxygen on NTO
degradation. To determine transformation products from
NTO photolysis under different conditions, we photolyzed
100 μM solutions of NTO in 25 mM buffers at pH 5 sparged
with air, pH 9 sparged with air or nitrogen in the solar
simulator, and at pH 9, sparged with air, using the lamp with a
400 nm cutoff filter to minimize direct photolysis and
maximize singlet oxygen production and subsequent indirect
photolysis of NTO.

Solutions of Suwannee River Natural Organic Matter
(SRNOM; RO isolate, 2R101N, International Humic Sub-
stances Society) were used for indirect photodegradation
experiments as a model of aquatic chromophoric dissolved
organic matter (DOM).25,26 SRNOM solutions were prepared
according to Chu et al.,27 and frozen aliquots were thawed and
used the day of the experiment. The final concentration of the
SRNOM stock solution (54.5 mg C L−1) was measured using a
total organic carbon (TOC) analyzer (TOC-V, Shimadzu)
calibrated to a standard solution of potassium hydrogen
phthalate (Ricca). We diluted the SRNOM stock solution with
deionized water, buffer, and NTO stock solution to create final
solutions with environmentally relevant concentrations of
SRNOM (0−15.6 mg C/L), 10 μM NTO, and a 5 mM
borate buffer, then adjusted the pH to 8.5. Finally, we
compared direct photolysis rate constants with initial NTO
concentrations ranging from 10−4 to 10−8 M to assess if the
identified mechanisms of NTO photolysis impacted the rate
constant of NTO photolysis in 25 mM phosphate buffer
adjusted to pH 8.
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Analytical Methods and Data Analysis. We measured
NTO, FFA, and pCBA concentrations using high-performance
liquid chromatography (HPLC) coupled to an ultraviolet-
diode array detector (UV-DAD) or triple quadrupole (QQQ)
mass spectrometer (Agilent model 1260 Infinity LCs and UV-
DAD, Agilent 6460 Series QQQ, Agilent Technologies). For
NTO, we used a Thermo Fisher Acclaim organic acid column
and an isocratic eluent of 92% water and 8% acetonitrile
containing 0.1% formic acid, measured with detection at a
wavelength of 315 nm for UV-DAD or monitoring a mass-to-
charge ratio of 129 fragmenting to 55.1 using negative
electrospray ionization using the QQQ. See Figure S1 for
representative chromatograms. For FFA, we used an Agilent
C18 column and an isocratic eluent of 85% water and 15%
acetonitrile with UV-DAD detection at 219 nm. For pCBA, the
same column, an isocratic eluent of 55% water and 45%
acetonitrile, and a wavelength of 234 nm were used. Nitrite
and nitrate were measured by ion chromatography (Dionex
ICS-2100, Thermo Scientific). Ammonium was measured via
derivatization with an ortho-phthaldialdehyde (OPA) reagent
with excitation at 350 nm and fluorescence at 410−450 nm
(Trilogy, Turner Designs). The ammonia sample (0.8 mL) and
OPA reagent (0.2 mL) were incubated in a cuvette at room
temperature for 2 h before analysis. The OPA reagent
consisted of 21 mM borate buffer, 63 μM sodium sulfite,
and 50 mL L−1 of a 298 mM OPA stock solution in ethanol.

Confidence intervals associated with rate constants were
determined from the slope of a linear regression of log-
normalized concentration data of pseudo-first-order reactions.
Specifically, we multiplied the standard error of the slope by
the student’s t-value with a 95% confidence level using built-in
linear regression and student’s t-functions in Microsoft Excel.
We determined photolysis rate constants from the slope of a
linear regression of log-normalized concentration data of
pseudo-first-order reactions using Microsoft Excel and Graph-

Pad Prism 9.4.1. For initial NTO concentration variation
experiments, we compared the experimental rate constants
using an analysis of variance (ANOVA) test and Tukey’s
posthoc test with a 95% confidence level to determine
significant differences among treatments (GraphPad Prism).
For dissolved SRNOM experiments, we determined if the
slope of the simple linear regression was significantly nonzero
using an F-test at a 95% confidence level (GraphPad Prism).

■ RESULTS AND DISCUSSION
Solution pH and Dissolved Oxygen Content Affect

the Rate of NTO Photolysis. We measured the absorbances
and calculated the wavelength-dependent molar absorptivity ε
of 100 μM NTO in buffered solutions with pH ranging from 2
to 12, as shown in Figures 1A and S3. For the
spectrophotometric titration (Figure 1B), we assumed the
molar absorptivity of the singly deprotonated state of NTO
was the average of the spectra from pH 6, 7, and 8, which left
only εi and pKa as the unknown variables to minimize the error
function. We calculated the mean and standard error of the
mean for each pKa to be 3.58 ± 0.08 and 10.90 ± 0.26 (Figure
1B). The pKa values are slightly lower than the literature values
of 3.76 and 11.25.28 Using the calculated pKa values, we also
determined the NTO component spectra as described
previously, which are shown in Figure 1C.20 The irradiances
of the experimental light sources are shown for reference in
Figure 1D.

To determine the effect of pH on rates of direct photolysis,
we photolyzed NTO in solutions ranging from pH 2 to 12
(Figure 2A). At environmentally relevant pH (6−10), the
observed pseudo-first-order rate constants of degradation, kobs,
were similar, in the range of (3.6−5.8) × 10−3 min−1, resulting
in half-lives t1/2 from 2.1 to 3.2 h. The rate constants we
measured in this study were on the same order of magnitude as
those of previous studies with similar conditions (Figure

Figure 1. (A) Molar absorptivity of 100 μM NTO from pH 2 to 12. Wavelengths used to determine pKa values are indicated with a dashed line.
(B) Corresponding molar absorptivities at selected wavelengths and resulting calculated pKa values are shown with a dashed line. Solid lines are fit
to eq 1. (C) Molar absorptivity of the three protonation states of NTO calculated using matrix deconvolution and (D) spectral irradiance of the
solar simulator (750 W/m2) and the 200 W Xe/Hg lamp with a 400 nm cutoff filter.
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2A).15,17,18 However, there is some variability between
previously observed rate constants of direct photolysis. Others
observed slower rate constants of direct photolysis in their
experiments than those observed here, likely due to a lower
total irradiance.15,17 Indeed, our predicted environmental rate
constants of direct photolysis agree well with the published
rate constants, as described below in the Environmental
Significance section. In addition, the reactors in the two
previous studies did not contain buffers.15,17 The initial pH of
the solutions was not measured in the earlier studies and was
estimated here based on the acidity of NTO. Our results
generally agreed with additional previous work utilizing the
same solar simulator.18 Still, this prior work used a higher total
irradiance setting for their experiments and measured lower
rate constants of direct photolysis. The range in direct
photolysis rate constants observed when sparging with
nitrogen versus oxygen (see Figure 2A, pH 8.5) could explain
some of the variations among observations in previous
photolysis studies.

We calculated the apparent quantum yield for NTO from
pH 2 to 12 for air-saturated solutions (Figure 2B). Using the
results, we calculated the component quantum yields (Table 1)
using the component spectra.20,21 Apparent quantum yields

ranged from 2.0 × 10−5 at pH 12 to 1.3 × 10−3 at pH 2 and
ranged from 1.5 × 10−4 (pH 6) to 2.4 × 10−4 (pH 8) in the
environmentally relevant range. Below pH 5, the rate of
photolysis and the apparent quantum yield were dramatically
higher, attributed to the protonation of NTO below its first
pKa, predominantly yielding the neutral species at lower pH
(Table 1). The increase in the observed reaction rate and
apparent quantum yield at low pH could also be due to an
increase in hydroxyl radical formation from nitrite at low pH
(pKa ≈ 3.3).29 We did not calculate the potential contribution
of the nitrite−nitrous acid system to the pseudo-first-order
photodegradation of NTO because the associated low pH
values are not environmentally relevant. Sparging with nitrogen
decreased the apparent quantum yield of NTO, while sparging
with oxygen increased the apparent quantum yield of NTO
(Figure 2B, pH 8.5). We did not measure or quench any
potential residual oxygen during the nitrogen sparging
experiments, so this condition represents a qualitative decrease
rather than the complete elimination of dissolved oxygen. The
quantum yield reported in a previous study agrees more closely
with our results than the direct photolysis rate, which is likely
lower than our results because our reactor was saturated with
air (Figure 2).17

Mechanisms of Direct and Indirect Photolysis. We
used several methods to probe the factors affecting the rate of
direct photolysis, including variable oxygen saturation and
quenchers of specific reactive species. As mentioned, an
increase in dissolved oxygen increased the rate of NTO
photolysis (Figure 2A, Figure 3A). We found that azide and
sorbic acid slowed the direct photolysis of NTO (Figure 3B).
The dramatic decrease in NTO direct photolysis with sorbic
acid present suggests that NTO photolysis proceeded through
a triplet excited state,22 which agrees with the pathway
proposed by a previous computational study.30 Direct
photolysis of NTO was slower with azide present, suggesting
that singlet oxygen is involved because azide is known to
physically quench singlet oxygen.19,26 Because singlet oxygen is
formed from triplet excited states, sorbic acid quenches both
reactions mediated by triplet excited states and prevents singlet
oxygen formation.31

Both N2 sparging and azide quenching to eliminate singlet
oxygen formation have confounding effects.31 First, the sodium
azide added (1 mM) is only estimated to quench 60% of
singlet oxygen formed, which means that singlet oxygen is only
reduced, not eliminated, under these conditions.25 In the case
of N2 sparging, less dissolved O2 suppresses singlet oxygen
formation. However, because O2 also quenches triplet excited-
state dissolved organic matter (3DOM*), less dissolved O2
potentially eliminates a major sink for triplet excited-state
NTO (3NTO*) relaxations to NTO and potentially facilitates
faster degradation of 3NTO* to alternative products. Because
the rate of direct photolysis was slower with N2 sparging,
oxygen presumably plays a more important role as a source of
ROS than a sink of 3NTO* during direct photolysis. Similar
results have been observed for photolysis of the phytoestrogens
genistein and daidzein, which were quenched by sorbic acid in
deionized water, and the reaction also slowed under
deoxygenated conditions.19

Once we hypothesized that NTO sensitizes ROS formation
upon irradiation, we further evaluated the role of singlet
oxygen and hydroxyl radical in the direct photolysis of NTO.
Photolysis of NTO has been shown to produce nitrite and
nitrate, which can each subsequently generate hydroxyl radicals

Figure 2. (A) Observed pseudo-first-order degradation rates of direct
photolysis of NTO from this study and literature with comparable
conditions and (B) apparent quantum yield from 250 to 500 nm (Φ)
of NTO from pH 2−12. Each experimental replicate is plotted for
reference. At pH 8, the initial concentration of NTO varied from 10−8

to 10−4 M in this study. Otherwise, the initial concentration of NTO
was 10 μM. In this study, 5−25 mM buffers were used, solutions were
sparged with air or oxygen/nitrogen as indicated, and illumination was
provided by an Atlas Suntest solar simulator set to 750 W m−2 total
irradiance, 35 °C (Figure 1D). Ref 15 conditions: 223 μM NTO, no
buffer, no sparging, SolSim solar simulator (Luzchem Research, Inc.,
Canada) set to 590 W m−2 total irradiance, 25 °C. Ref 17 conditions:
∼10 μM NTO, no buffer, no sparging, outdoors on June 9 to June 13,
2018, latitude of 32°N, ambient temperature. Ref 18 conditions: 7.7
μM NTO, unknown concentration of buffer, no sparging, Atlas
Suntest solar simulator 765 W m−2, 35 °C. The pH for refs 15 and 17
were not given and were estimated here based on the concentration
and calculated pKa of 3.58 for NTO in deionized water.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.2c00567
ACS EST Water 2023, 3, 783−792

786

https://pubs.acs.org/doi/10.1021/acsestwater.2c00567?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00567?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00567?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00567?fig=fig2&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.2c00567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


upon irradiation.15,16,19 Therefore, we quantified the bimo-
lecular rate constant of NTO reacting with hydroxyl radicals
using a competition kinetics approach (Table 1, Figure S5,
Section S4). The calculated bimolecular rate constant of the
reaction of NTO with hydroxyl radicals was (3.28 ± 0.23) ×
1010 M−1 s−1, which is at the diffusion-controlled limit.32

To investigate singlet oxygen formation from NTO
photolysis, we irradiated FFA with varying initial amounts of
NTO and sodium azide in an aqueous solution (Figure 3C).

The presence of NTO dramatically enhanced the degradation

of FFA, a well-characterized probe for singlet oxygen

degradation.19,24,25 Based on the reaction rate of FFA with

NTO, we calculated a production rate of singlet oxygen from

NTO according to the following equations

= [ ]k O k Oobs,FFA
1

2 ss ,FFA1
2 (2)

Table 1. Apparent Quantum Yield for Each Component of NTO Assuming Air-Saturated Conditions, Bimolecular Rate
Constants for Hydroxyl Radicals and Singlet Oxygen with NTO, and Formation Rate of Singlet Oxygen from NTO

aErrors for rate constants are 95% confidence intervals for the slope of a linear regression of experimental data.

Figure 3. Probing mechanisms of NTO direct photolysis. (A) Direct photolysis of NTO (10 μM) with varied dissolved oxygen regimes. (B) Direct
photolysis of NTO (10 μM) with and without quenchers of singlet oxygen (1 mM sodium azide, N3

−) or excited triplet states (5 mM sorbic acid).
Production of 1O2 by NTO as demonstrated by (C) photodegradation of 20 μM FFA in the presence of varying concentrations of NTO and 1 mM
sodium azide (pH 8.5) and (D) photolysis of NTO in D2O and H2O (pH 7, pD 7.4).
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where [1O2]ss is steady-state concentration of singlet oxygen,
k1O d2,FFA

= 1.273 × 108 M−1 s−1 at 35 °C, kobs,FFA is the
experimentally observed degradation rate (s−1), Rf is the singlet
oxygen formation rate (M s−1), kd is the singlet oxygen
deactivation rate constant in water (2.76 × 105 s−1), and [FFA]
is initial concentration of FFA.23 Simplifying eq 3 because kd
≫ k1Od2,FFA[FFA]

and substituting for [1O2]ss yields Rf as follows.
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We plotted Rf against the initial concentration of NTO in the
experiments and calculated the slope, yielding a singlet oxygen
production rate of (4.9 ± 1.8) × 10−3 M1O2 MNTO

−1 s−1

(Figure S4, Table 1). FFA is also known to react with hydroxyl
radicals, so we conducted a similar experiment with pCBA, a
probe for hydroxyl radicals. Overall, the concentration of
pCBA was mostly unchanged in the presence or absence of
NTO, suggesting that FFA degradation was predominantly due
to singlet oxygen derived from NTO rather than hydroxyl
radicals (see section S2 for further details). This finding was
complemented by an observed decrease in FFA degradation
with the addition of azide, which quenches singlet oxygen
(Figure 3C). Once again, at a concentration of 1 mM azide,
singlet oxygen is expected to be reduced, rather than
eliminated.25

In addition to producing singlet oxygen, NTO is degraded
by singlet oxygen. We conducted an experiment to determine
the second-order, bimolecular rate constant of NTO with
singlet oxygen using Rose Bengal as a sensitizer and FFA as a
probe and found an estimated rate constant of (1.95 ± 0.15) ×
106 M−1 s−1 (Table 1, Figure S5, Section S4). Because NTO
itself reacts with singlet oxygen, it was not surprising that
sparging the solution with O2 prior to irradiation increased the
direct photolysis rate of NTO and that removing oxygen with

N2 sparging slowed the reaction. To further confirm singlet
oxygen formation and degradation of NTO, we also photo-
lyzed NTO in deuterium oxide (D2O) (Figure 3D). Water
quenches singlet oxygen, and D2O is often used to extend the
lifetime of singlet oxygen molecules.24 The reaction in D2O
was faster than in H2O, further confirming that direct
photolysis of NTO produces singlet oxygen (p < 0.001, F-
test comparing pseudo-first-order rate constants).

To our knowledge, NTO has not been released to surface
waters, but this would likely occur at dilute concentrations,
similar to RDX being detected in surface waters near
demolition sites (up to 3 μg/L or 0.02 μM).33 Compared to
naturally present reactive species and scavengers in environ-
mental waters, production of singlet oxygen (from NTO self-
sensitization) and hydroxyl radicals (from NTO-derived nitrite
and nitrate) is expected to be negligible at environmentally
relevant NTO concentrations. For example, in our exper-
imental setup (10 μM NTO), singlet oxygen is predicted to
have an initial (maximum) steady-state concentration of 1.8 ×
10−13 M and contribute a pseudo-first-order reaction rate of 2.1
× 10−5 min−1 (∼0.5% of the observed rate) using eqs 2 and 3
adapted to NTO rates and concentrations. Similarly, if we
make broad assumptions that 10 μM NTO yields 5 μM of
nitrite and nitrate, the reaction between NTO and nitrite
(kOH,NO2 = 1.1 × 1010 M−1 s−1)34 is the only hydroxyl radical
loss process, and a quantum yield of hydroxyl radicals of 0.03
from nitrite and 0.01 from nitrate photolysis, respectively34

(using published molar absorptivities for nitrite and nitrate),35

we calculate a pseudo-first-order reaction rate of 3.6 × 10−4

min−1 (∼8% of the direct rate) between NTO and hydroxyl
radical. Note that the assumptions listed above would result in
a singlet oxygen reaction rate directly proportional to the
concentration of NTO, while the hydroxyl radical reaction rate
is independent of initial NTO (nitrite concentration is half that
of NTO). If higher concentrations of nitrite are naturally
present in surface waters, hydroxyl radical formation is
expected to contribute to faster NTO degradation (e.g., 23%
of the direct rate when nitrite concentration is double that of

Figure 4. Photolysis and inorganic nitrogen products from photolysis of ∼100 μM NTO under varying conditions (25 mM buffers). Total nitrogen
balance is labeled “TN.”
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NTO). At higher NTO concentrations in a previous laboratory
study, produced singlet oxygen and hydroxyl radical likely
impacted observed photolysis rates.16

Effect of pH, Indirect Mechanisms, and Sparging with
Nitrogen on NTO Photoproducts. In terms of trans-
formation products, we observed that NTO photolysis
produced nitrite, ammonia, nitrate, and trace levels of
hydroxy-triazolone, consistent with other studies (Figure
4).14−16 Because hydroxy-triazolone did not accumulate during
the photolysis, we photolyzed hydroxy-triazolone directly and
with initially added nitrite to determine if nitrite facilitated
indirect photolysis of hydroxy-triazolone (Figure S6). Not only
was hydroxy-triazolone directly photolyzed, but nitrite greatly
increased the rate of hydroxy-triazolone loss, providing a
rationale for the observation that hydroxy-triazolone was only
present in low concentrations as a reactive intermediate. In
addition to direct and nitrite-mediated indirect photolysis,
hydroxy-triazolone was degraded quickly by singlet oxygen,
further explaining the observed lack of accumulation (Figure
S7). Adding excess initial nitrite did not affect NTO photolysis
and even slowed the reaction when 5 mM was added (Figure
S6), which was likely due to light screening by nitrite.

To further delineate the mechanisms of NTO photolysis, we
compared the inorganic nitrogen products formed under
varying conditions, including pH, dissolved oxygen, and singlet
oxygen degradation (Figure 4). The results indicated that
nitrite is a prominent product of NTO photolysis. When
subjected to singlet oxygen degradation, NTO produced nitrite
in an almost stoichiometric yield, with little nitrate and
ammonium formation. Under direct photolysis conditions,
more nitrate and ammonium were formed than by singlet
oxygen alone. Nitrite can be photo-oxidized to produce
nitrate.36 Apparently, the primary direct photolysis products
of NTO are also subject to direct photolysis to form
ammonium, consistent with density functional theory
predictions.30 The higher concentration of ammonia observed
at pH 5 compared to pH 9 could have been due to the
volatilization of ammonia at pH 9. When the solution was
initially sparged with nitrogen gas, the rate of photolysis was
much slower, and less inorganic nitrogen was formed, even
when accounting for the amount of NTO degraded. This
finding indicates that the direct, oxygen-free photolysis
reaction could form other unknown products.

Effect of Initial Concentration and Dissolved Organic
Matter on Rate of NTO Photolysis. To determine the effect
of more environmentally relevant initial concentrations of
NTO on the observed rate of photolysis, we exposed NTO
solutions ranging from 10 nM to 100 μM (1.3−13 000 μg/L)
to simulated sunlight. Even at the lower concentrations, the
observed rate was similar among all concentrations tested
(Figure 5A). An ANOVA analysis revealed significant
differences among rates (p < 0.001), but the rate at the lowest
concentration (10 nM) was not significantly different from the
rate at the highest concentration (100 μM) according to a
posthoc Tukey multiple comparisons test. The lack of trend as
a function of concentration suggests that the rate of NTO
photolysis in surface waters will not be substantially affected by
initial NTO concentration. The similarity in reaction rates at
low concentrations may indicate that the rate-limiting step of
photolysis is the absorbance of a photon or intersystem
crossing to a triplet state before further reactions. Therefore,
different mechanisms (e.g., direct photolysis vs singlet oxygen
degradation) may occur at lower concentrations than higher
ones. At the same time, the overall rate remains similar due to
a rate-limiting, concentration-independent step. Further work
would be needed to confirm this hypothesis (e.g., investigating
photoproduct distributions at various concentrations).

To evaluate the impact of dissolved organic matter on NTO
photolysis, we photolyzed NTO in solutions of SRNOM that
represent a range of DOM concentrations found in natural
waters (0−15.6 mg C/L). As the concentration of SRNOM
increased, the rate of NTO photolysis decreased, even when
the rate was corrected for light screening (Figure 5B). The
slope of the linear regression was significantly nonzero when
evaluated at a 95% confidence level using an F-test (p = 0.042).
The observed decrease in NTO degradation indicates that
indirect photolysis mediated by DOM does not enhance
observed rates of NTO photolysis. This result could be due to
the antioxidant properties of SRNOM (i.e., the SRNOM may
reduce intermediates of NTO photo-oxidation).37−40 For
example, tryptophan photolysis proceeds through a radical
cation that is quenched by NOM.41 A similar process could
happen with NTO, where redox-active moieties quench a
radical intermediate or the produced singlet oxygen in the
SRNOM. In addition, close physical proximity to DOM, as
evidenced by hydrophobicity of probe molecules, has been
shown to dramatically increase reactivity of singlet oxygen42

Figure 5. (A) Observed pseudo-first-order rate constants of NTO direct photolysis with initial concentrations spanning 5 orders of magnitude (pH
8, 25 mM phosphate buffer). A one-way ANOVA determined a statistical significance between rates (p < 0.001), and lowercase letters indicate
significantly different groups by a posthoc Tukey multiple comparisons test (α = 0.05). (B) Rates of indirect photolysis of NTO with respect to
SRNOM concentration (10 μM NTO, 5 mM borate buffer, pH 8.5). Rates are corrected for light screening; error bars are 95% confidence intervals
and are not displayed when within the symbols. The solid line in (B) is a linear fit to the data (slope = −6.3 × 10−5 (L min−1 mg C1−), intercept =
4.3 × 10−3 min−1, r2 = 0.90).
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and hydroxyl radicals43 produced by irradiation of DOM. Due
to the hydrophilic nature of NTO, we expect sorption of NTO
to DOM to be minimal, which further explains the lack of
NTO degradation in SRNOM solutions.
Environmental Significance. Using the apparent quan-

tum yield, molar absorptivities, and bimolecular reaction rates
for NTO, we calculated predicted environmental photolysis
rates kpred according to eq 6

= + +

= + [· ] + [ ]
·k k k k

L k kOH O

pred direct,pred OH 1O2

ss OH,NTO
1

2 ss 1O2,NTO

(6)

where Φ is the calculated apparent quantum yield, ελ is the
molar absorptivity at a specific wavelength, Lλ is the day-
averaged irradiance at a specific wavelength at 40° N from
Apell and McNeill,47 Δλ is equal to one, [·OH]ss is the steady-
state concentration of hydroxyl radical, and ki,NTO values are
listed in Table 1. The predicted summer-time direct photolysis
degradation rate at 40° N latitude was found to be 2.1 × 10−4

min−1, which translates to a half-life of 2.3 days (Figure 6). The

seasonal variation of predicted photolysis of NTO is as
expected: lower and similar rates are predicted in the spring
and fall compared to summer. At the same time, the winter
should yield the lowest rate of NTO photolysis. Under average
hydroxyl radical (10−17 M) and singlet oxygen (10−13 M)
concentrations,44−46 direct photolysis dominates the predicted
degradation of NTO. However, in waters with concentrations
of hydroxyl radicals (e.g., containing high nitrate) or singlet
oxygen near the higher end of those observed in natural waters,
the indirect mechanisms could contribute substantially to
NTO degradation. For example, water containing a steady-
state concentration of 10−16 M hydroxyl radical is predicted to
contribute 47% of the predicted overall NTO photolysis rate,
resulting in a total degradation rate of 4.2 × 10−4 min−1 and a
half-life of only 1.1 day (Figure 6). Based on our results with
model natural organic matter, the predicted rates are likely

higher than what may be observed, as SRNOM slowed the rate
of NTO photolysis (Figure 5B).

■ CONCLUSIONS
Given the predicted results, NTO photolysis (including direct
and indirect pathways) is expected to yield a minimum half-life
of 1.1−5.7 days over a range of typical surface water
conditions, assuming shallow water and air-saturated con-
ditions. The rate of NTO photolysis would vary with pH,
season, and latitude, and the photodegradation rate is mostly
governed by direct photolysis under typical conditions. Taken
together, these data enhance our understanding of NTO
photolysis mechanisms, products, and predicted half-lives,
which would likely dominate NTO degradation in aerated
surface water given the minimal aerobic biodegradation and
sorption of NTO.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsestwater.2c00567.

Additional experimental details, light screening and
quantum yield calculations, second-order rate constants
for singlet oxygen and hydroxyl radical, contribution of
NTO-derived hydroxyl-radical mediated degradation of
FFA (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Hunter W. Schroer − Civil & Environmental Engineering,
The University of Iowa, Iowa City, Iowa 52242, United
States; orcid.org/0000-0001-6480-6968; Phone: 319-
335-5051; Email: hunter-schroer@uiowa.edu; Fax: 319-
335-5660

Authors
Esteban Londono − Civil & Environmental Engineering, The
University of Iowa, Iowa City, Iowa 52242, United States

Xueshu Li − Occupational & Environmental Health, The
University of Iowa, Iowa City, Iowa 52246, United States;
orcid.org/0000-0002-0881-5381

Hans-Joachim Lehmler − Occupational & Environmental
Health, The University of Iowa, Iowa City, Iowa 52246,
United States; orcid.org/0000-0001-9163-927X

William Arnold − Department of Civil, Environmental, and
Geo- Engineering, University of Minnesota, Minneapolis,
Minnesota 55455, United States; orcid.org/0000-0003-
0814-5469

Craig L. Just − Civil & Environmental Engineering, The
University of Iowa, Iowa City, Iowa 52242, United States;
orcid.org/0000-0002-9060-7345

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsestwater.2c00567

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Funding for NTO synthesis was provided by a seed grant from
the Water Sustainability Initiative at the University of Iowa,
with additional support provided by P30 ES005605 from the
National Institute of Environmental Health Sciences/National

Figure 6. Predicted environmental photolysis rates kpred and half-lives
t1/2 of NTO under varying environmental conditions. The “base case”
is shown on the left (June 21 daily average irradiance, latitude 40° N;
pH 7; steady-state hydroxyl radical concentration [·OH]ss is set to
10−17 M; steady-state singlet oxygen concentration [1O2]ss is set to
10−13 M). As specified on the x-axis, individual values in the base case
were altered, and predicted photolysis rates and half-lives are shown
for each season as well as along a range of pH, [·OH]ss, and [1O2]ss
values that are common in natural waters.24,44−46

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.2c00567
ACS EST Water 2023, 3, 783−792

790

https://pubs.acs.org/doi/10.1021/acsestwater.2c00567?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsestwater.2c00567/suppl_file/ew2c00567_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hunter+W.+Schroer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6480-6968
mailto:hunter-schroer@uiowa.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esteban+Londono"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueshu+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0881-5381
https://orcid.org/0000-0002-0881-5381
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans-Joachim+Lehmler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9163-927X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+Arnold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0814-5469
https://orcid.org/0000-0003-0814-5469
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Craig+L.+Just"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9060-7345
https://orcid.org/0000-0002-9060-7345
https://pubs.acs.org/doi/10.1021/acsestwater.2c00567?ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00567?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00567?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00567?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.2c00567?fig=fig6&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.2c00567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Institutes of Health. Funding for H.W.S. was provided by an
NSF Graduate Research Fellowship, Grant No. 000390183,
and by a Presidential Graduate Research Fellowship from the
University of Iowa. We would like to acknowledge helpful
discussions with David Cwiertny, and we also would like to
thank Vic R. Parcell from the High-Resolution Mass
Spectrometry Facility at the University of Iowa for help with
the HRMS analysis.

■ REFERENCES
(1) Lewis, T. A.; Newcombe, D. A.; Crawford, R. L. Bioremediation

of soils contaminated with explosives. J. Environ. Manage. 2004, 70,
291−307.
(2) Hawari, J. Environmental fate of 2,4-dinitroanisole (DNAN) and

its reduced products. Chemosphere 2015, 119, 16−23.
(3) Krzmarzick, M. J.; et al. Biotransformation and Degradation of

the Insensitive Munitions Compound, 3-Nitro-1,2,4-triazol-5-one, by
Soil Bacterial Communities. Environ. Sci. Technol. 2015, 49, 5681−
5688.
(4) Jog, K. V.; Sierra-Alvarez, R.; Field, J. A. Rapid biotransformation

of the insensitive munitions compound, 3-nitro-1,2,4-triazol-5-one
(NTO), by wastewater sludge. World J. Microbiol. Biotechnol. 2020,
36, 67.
(5) Cárdenas-Hernández, P. A.; et al. Reduction of 3-Nitro-1,2,4-

Triazol-5-One (NTO) by the Hematite−Aqueous Fe(II) Redox
Couple. Environ. Sci. Technol. 2020, 54, 12191−12201.
(6) Murillo-Gelvez, J.; Di Toro, D. M.; Allen, H. E.; Carbonaro, R.

F.; Chiu, P. C. Reductive Transformation of 3-Nitro-1,2,4-triazol-5-
one (NTO) by Leonardite Humic Acid and Anthraquinone-2,6-
disulfonate (AQDS. Environ. Sci. Technol. 2021, 55, 12973−12983.
(7) Mark, N.; Arthur, J.; Dontsova, K.; Brusseau, M.; Taylor, S.

Adsorption and attenuation behavior of 3-nitro-1,2,4-triazol-5-one
(NTO) in eleven soils. Chemosphere 2016, 144, 1249−1255.
(8) Taylor, S.; Park, E.; Bullion, K.; Dontsova, K. Dissolution of

three insensitive munitions formulations. Chemosphere 2015, 119,
342−348.
(9) Indest, K. J.; et al. Biodegradation of insensitive munition

formulations IMX101 and IMX104 in surface soils. Journal of
Industrial Microbiology & Biotechnology 2017, 44, 987−995.
(10) Reddy, G.; Song, J.; Kirby, P.; Lent, E. M.; Crouse, L. C.B.;

Johnson, M. S. Genotoxicity assessment of an energetic propellant
compound, 3-nitro-1,2,4-triazol-5-one (NTO). Mutation Research/
Genetic Toxicology and Environmental Mutagenesis 2011, 719, 35−40.
(11) Lent, E. M.; Crouse, L. C. B.; Wallace, S. M.; Carroll, E. E. Peri-

pubertal administration of 3-nitro-1,2,4-triazol-5-one (NTO) affects
reproductive organ development in male but not female Sprague
Dawley rats. Reproductive Toxicology 2015, 57, 1−9.
(12) Crouse, L. C. B.; Lent, E. M.; Leach, G. J. Oral Toxicity of 3-

Nitro-1,2,4-triazol-5-one in Rats. International Journal of Toxicology
2015, 34, 55−66.
(13) Kennedy, A. J.; et al. Aquatic toxicity of photo-degraded

insensitive munition 101 (IMX-101) constituents. Environ. Toxicol.
Chem. 2017, 36, 2050−2057.
(14) Le Campion, L.; Giannotti, C.; Ouazzani, J. Photocatalytic

degradation of 5-Nitro-1,2,4-Triazol-3-one NTO in aqueous
suspention of TiO2. Comparison with fenton oxidation. Chemosphere
1999, 38, 1561−1570.
(15) Halasz, A.; Hawari, J.; Perreault, N. N. New Insights into the

Photochemical Degradation of the Insensitive Munition Formulation
IMX-101 in Water. Environ. Sci. Technol. 2018, 52, 589−596.
(16) Becher, J. B.; Beal, S. A.; Taylor, S.; Dontsova, K.; Wilcox, D. E.

Photo-transformation of aqueous nitroguanidine and 3-nitro-1, 2, 4-
triazol-5-one: Emerging munitions compounds. Chemosphere 2019,
228, 418−426.
(17) Moores, L. C.; Jones, S. J.; George, G. W.; Henderson, D. L.;

Schutt, T. C. Photo degradation kinetics of insensitive munitions
constituents nitroguanidine, nitrotriazolone, and dinitroanisole in
natural waters. J. Photochem. Photobiol., A 2020, 386, 112094.

(18) Dontsova, K.; et al. Technical Report: Dissolution of NTO,
DNAN and Insensitive Munitions Formulations and Their Fates in Soils,
Technical Report CRREL TR-14-23; ERDC, 2014.
(19) Kelly, M. M.; Arnold, W. A. Direct and Indirect Photolysis of

the Phytoestrogens Genistein and Daidzein. Environ. Sci. Technol.
2012, 46, 5396−5403.
(20) Boreen, A. L.; Arnold, W. A.; McNeill, K. Photochemical Fate

of Sulfa Drugs in the Aquatic Environment: Sulfa Drugs Containing
Five-Membered Heterocyclic Groups. Environ. Sci. Technol. 2004, 38,
3933−3940.
(21) Laszakovits, J. R.; et al. p-Nitroanisole/Pyridine and p-

Nitroacetophenone/Pyridine Actinometers Revisited: Quantum
Yield in Comparison to Ferrioxalate. Environmental Science &
Technology Letters 2017, 4, 11−14.
(22) Grebel, J. E.; Pignatello, J. J.; Mitch, W. A. Sorbic acid as a

quantitative probe for the formation, scavenging and steady-state
concentrations of the triplet-excited state of organic compounds.
Water Res. 2011, 45, 6535−6544.
(23) Appiani, E.; Ossola, R.; Latch, D. E.; Erickson, P. R.; McNeill,

K. Aqueous singlet oxygen reaction kinetics of furfuryl alcohol: effect
of temperature, pH, and salt content. Environmental Science: Processes
& Impacts 2017, 19, 507−516.
(24) Prasse, C.; Wenk, J.; Jasper, J. T.; Ternes, T. A.; Sedlak, D. L.

Co-occurrence of Photochemical and Microbiological Transformation
Processes in Open-Water Unit Process Wetlands. Environ. Sci.
Technol. 2015, 49, 14136−14145.
(25) Chu, C.; et al. Photochemical and Nonphotochemical

Transformations of Cysteine with Dissolved Organic Matter. Environ.
Sci. Technol. 2016, 50, 6363−6373.
(26) Lundeen, R. A.; Chu, C.; Sander, M.; McNeill, K. Photo-

oxidation of the Antimicrobial, Nonribosomal Peptide Bacitracin A by
Singlet Oxygen under Environmentally Relevant Conditions. Environ.
Sci. Technol. 2016, 50, 8586−8595.
(27) Chu, C.; Lundeen, R. A.; Remucal, C. K.; Sander, M.; McNeill,

K. Enhanced Indirect Photochemical Transformation of Histidine and
Histamine through Association with Chromophoric Dissolved
Organic Matter. Environ. Sci. Technol. 2015, 49, 5511−5519.
(28) Kofman, T. P.; Pevzner, M. S.; Zhukova, L. N.; Kravchenko, T.

A.; Frolova, G. M. Methylation of 3-Nitro-1,2,4-Triazol-5-One. Russ. J.
Org. Chem. 1980, 16 (2), 420−425.
(29) Gligorovski, S.; Strekowski, R.; Barbati, S.; Vione, D.

Environmental Implications of Hydroxyl Radicals (•OH). Chem.
Rev. 2015, 115, 13051−13092.
(30) Sviatenko, L. K.; Gorb, L.; Leszczynski, J. NTO degradation by

direct photolysis: DFT study. Struct. Chem. 2023, 34, 23.
(31) Felcyn, J. R.; Davis, J. C. C.; Tran, L. H.; Berude, J. C.; Latch,

D. E. Aquatic Photochemistry of Isoflavone Phytoestrogens:
Degradation Kinetics and Pathways. Environ. Sci. Technol. 2012, 46,
6698−6704.
(32) Hora, P. I.; Arnold, W. A. Photochemical fate of quaternary

ammonium compounds in river water. Environmental Science: Processes
& Impacts 2020, 22, 1368−1381.
(33) Lapointe, M.-C.; Martel, R.; Diaz, E. A Conceptual Model of

Fate and Transport Processes for RDX Deposited to Surface Soils of
North American Active Demolition Sites. J. Environ. Qual. 2017, 46,
1444−1454.
(34) Jankowski, J. J.; Kieber, D. J.; Mopper, K. Nitrate and Nitrite

Ultraviolet Actinometers. Photochem. Photobiol. 1999, 70, 319−328.
(35) Benedict, K. B.; McFall, A. S.; Anastasio, C. Quantum Yield of

Nitrite from the Photolysis of Aqueous Nitrate above 300 nm.
Environ. Sci. Technol. 2017, 51, 4387−4395.
(36) Minero, C.; et al. Photochemincal processes involving nitrite in

surface water samples. Aquatic Sciences 2007, 69, 71−85.
(37) Canonica, S.; Laubscher, H.-U. Inhibitory effect of dissolved

organic matter on triplet-induced oxidation of aquatic contaminants.
Photochemical & Photobiological Sciences 2008, 7, 547−551.
(38) Wenk, J.; von Gunten, U.; Canonica, S. Effect of Dissolved

Organic Matter on the Transformation of Contaminants Induced by

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.2c00567
ACS EST Water 2023, 3, 783−792

791

https://doi.org/10.1016/j.jenvman.2003.12.005
https://doi.org/10.1016/j.jenvman.2003.12.005
https://doi.org/10.1016/j.chemosphere.2014.05.047
https://doi.org/10.1016/j.chemosphere.2014.05.047
https://doi.org/10.1021/acs.est.5b00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b00511?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11274-020-02843-0
https://doi.org/10.1007/s11274-020-02843-0
https://doi.org/10.1007/s11274-020-02843-0
https://doi.org/10.1021/acs.est.0c03872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c03872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.0c03872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c03333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c03333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c03333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2015.09.101
https://doi.org/10.1016/j.chemosphere.2015.09.101
https://doi.org/10.1016/j.chemosphere.2014.06.050
https://doi.org/10.1016/j.chemosphere.2014.06.050
https://doi.org/10.1007/s10295-017-1930-3
https://doi.org/10.1007/s10295-017-1930-3
https://doi.org/10.1016/j.mrgentox.2010.11.004
https://doi.org/10.1016/j.mrgentox.2010.11.004
https://doi.org/10.1016/j.reprotox.2015.04.013
https://doi.org/10.1016/j.reprotox.2015.04.013
https://doi.org/10.1016/j.reprotox.2015.04.013
https://doi.org/10.1016/j.reprotox.2015.04.013
https://doi.org/10.1177/1091581814567177
https://doi.org/10.1177/1091581814567177
https://doi.org/10.1002/etc.3732
https://doi.org/10.1002/etc.3732
https://doi.org/10.1016/S0045-6535(98)00376-2
https://doi.org/10.1016/S0045-6535(98)00376-2
https://doi.org/10.1016/S0045-6535(98)00376-2
https://doi.org/10.1021/acs.est.7b04878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b04878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.7b04878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2019.04.131
https://doi.org/10.1016/j.chemosphere.2019.04.131
https://doi.org/10.1016/j.jphotochem.2019.112094
https://doi.org/10.1016/j.jphotochem.2019.112094
https://doi.org/10.1016/j.jphotochem.2019.112094
https://doi.org/10.1021/es300041f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es300041f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0353053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0353053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es0353053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.6b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.6b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.6b00422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.watres.2011.09.048
https://doi.org/10.1016/j.watres.2011.09.048
https://doi.org/10.1016/j.watres.2011.09.048
https://doi.org/10.1039/C6EM00646A
https://doi.org/10.1039/C6EM00646A
https://doi.org/10.1021/acs.est.5b03783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b03783?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b01291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b00466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b00466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.5b00466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500310b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11224-022-01923-1
https://doi.org/10.1007/s11224-022-01923-1
https://doi.org/10.1021/es301205a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es301205a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0EM00086H
https://doi.org/10.1039/D0EM00086H
https://doi.org/10.2134/jeq2017.02.0069
https://doi.org/10.2134/jeq2017.02.0069
https://doi.org/10.2134/jeq2017.02.0069
https://doi.org/10.1111/j.1751-1097.1999.tb08143.x
https://doi.org/10.1111/j.1751-1097.1999.tb08143.x
https://doi.org/10.1021/acs.est.6b06370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b06370?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s00027-007-0881-6
https://doi.org/10.1007/s00027-007-0881-6
https://doi.org/10.1039/b719982a
https://doi.org/10.1039/b719982a
https://doi.org/10.1021/es102212t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es102212t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.2c00567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Excited Triplet States and the Hydroxyl Radical. Environ. Sci. Technol.
2011, 45, 1334−1340.
(39) Wenk, J.; Canonica, S. Phenolic Antioxidants Inhibit the

Triplet-Induced Transformation of Anilines and Sulfonamide Anti-
biotics in Aqueous Solution. Environ. Sci. Technol. 2012, 46, 5455−
5462.
(40) Rosario-Ortiz, F. L.; Canonica, S. Probe Compounds to Assess

the Photochemical Activity of Dissolved Organic Matter. Environ. Sci.
Technol. 2016, 50, 12532−12547.
(41) Janssen, E. M. L.; Erickson, P. R.; McNeill, K. Dual Roles of

Dissolved Organic Matter as Sensitizer and Quencher in the
Photooxidation of Tryptophan. Environ. Sci. Technol. 2014, 48,
4916−4924.
(42) Latch, D. E.; McNeill, K. Microheterogeneity of Singlet Oxygen

Distributions in Irradiated Humic Acid Solutions. Science 2006, 311,
1743−1747.
(43) Yan, S.; et al. Microheterogeneous Distribution of Hydroxyl

Radicals in Illuminated Dissolved Organic Matter Solutions. Environ.
Sci. Technol. 2021, 55, 10524−10533.
(44) Maizel, A. C.; Remucal, C. K. The effect of probe choice and

solution conditions on the apparent photoreactivity of dissolved
organic matter. Environmental Science: Processes & Impacts 2017, 19,
1040−1050.
(45) Vione, D.; et al. Sources and Sinks of Hydroxyl Radicals upon

Irradiation of Natural Water Samples. Environ. Sci. Technol. 2006, 40,
3775−3781.
(46) Haag, W. R.; Hoigne, J. Singlet oxygen in surface waters. 3.

Photochemical formation and steady-state concentrations in various
types of waters. Environ. Sci. Technol. 1986, 20, 341−348.
(47) Apell, J. N.; McNeill, K. Updated and validated solar irradiance

reference spectra for estimating environmental photodegradation
rates. Environmental Science: Processes & Impacts 2019, 21, 427−437.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.2c00567
ACS EST Water 2023, 3, 783−792

792

 Recommended by ACS

Role of Molecular Singlet Oxygen in Photochemical
Degradation of NTO: DFT Study
Liudmyla K. Sviatenko, Jerzy Leszczynski, et al.
MARCH 20, 2023

THE JOURNAL OF PHYSICAL CHEMISTRY A READ 

Formation of Dichlorine Monoxide for Organic Pollutant
Degradation by Free Chlorine in High Chloride-Containing
Water
Chuanjing Lin, Chii Shang, et al.
JANUARY 15, 2023

ACS ES&T WATER READ 

Halogenated By-Products in Chlorinated Indoor Swimming
Pools: A Long-Term Monitoring and Empirical Modeling
Study
Mesut Genisoglu, Bilgehan Ilker Harman, et al.
MARCH 15, 2023

ACS OMEGA READ 

Operational Method to Easily Determine the Available
Fraction of a Contaminant in Soil and the Associated Soil-
Solution Distribution Coefficient
Frédéric Coppin, Arnaud Martin-Garin, et al.
FEBRUARY 13, 2023

ACS EARTH AND SPACE CHEMISTRY READ 

Get More Suggestions >

https://doi.org/10.1021/es102212t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es300485u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es300485u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es300485u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b02776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b02776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es500535a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es500535a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es500535a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1121636
https://doi.org/10.1126/science.1121636
https://doi.org/10.1021/acs.est.1c03346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.1c03346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7EM00235A
https://doi.org/10.1039/C7EM00235A
https://doi.org/10.1039/C7EM00235A
https://doi.org/10.1021/es052206b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es052206b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es00146a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es00146a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es00146a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8EM00478A
https://doi.org/10.1039/C8EM00478A
https://doi.org/10.1039/C8EM00478A
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.2c00567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acs.jpca.2c08225?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsestwater.2c00477?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsomega.3c00091?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
http://pubs.acs.org/doi/10.1021/acsearthspacechem.2c00324?utm_campaign=RRCC_aewcaa&utm_source=RRCC&utm_medium=pdf_stamp&originated=1717610955&referrer_DOI=10.1021%2Facsestwater.2c00567
https://preferences.acs.org/ai_alert?follow=1

